ABSTRACT A 29-d trial was conducted to evaluate the effects of dietary methyl sulfonyl methane (MSM) supplementation on growth performance, meat quality, nutrient digestibility, excreta microbiota, excreta gas emission, and blood profiles in broilers. A total of 816 1-day-old male Ross 308 broilers (44 ± 0.44 g) were assigned to 4 dietary treatments, composed of 12 replicates with 17 birds per replicate. The 4 treatments were: 1) CON, basal diet; 2) S1, CON + 0.05% MSM; 3) S2, CON + 0.10% MSM; 4) S3, CON + 0.20% MSM. In the current study, body weight (BW) on d 14 and 29 showed significant improvement as dietary MSM increased from 0.05% to 0.20% (P < 0.05). During d 1 to 14 and overall, higher (P < 0.05) body weight gain (BWG) and lower feed conversion ratio (FCR) were observed in broilers fed MSM diets. Between d 15 and 29, higher (P < 0.05) BWG was observed in broilers fed MSM diets. Redness (a * ) was increased linearly (P < 0.05) in broilers fed MSM diets. On d 3, 5, and 7, drip loss was decreased linearly (P < 0.05) in broilers fed MSM diets. Lactobacillus and E. coli were effected linearly (P < 0.05) in broilers fed MSM diets. Alanine aminotransferase (ALT), white blood cells (WBC) and lymphocytes were improved linearly (P < 0.05) in broilers fed MSM diets. In conclusion, dietary supplementation MSM has positive effects on growth performance, meat quality, excreta microbiota, and blood profiles in broilers.
INTRODUCTION
Animal scientists are increasingly focused on the research and development of "green" feed additives that are helpful for human and animal's health and performance (Zhao et al., 2015a; Zhao et al., 2015b; Lan et al., 2016; Lee et al., 2016) . Methyl sulfonyl methane (MSM) is a stable metabolite of dimethyl sulfoxide (DMSO) which is a type of organic sulfur compounds. It is involved in the sulfur cycle in nature, and it is considered as a source of sulfur for cysteine and methionine (Richmond, 1986) . MSM exists in various foods but also in animal and human tissues (Silva Ferreira et al., 2003; Engelke et al., 2005) . Jacob and Herschler (1983) reported for the first time the roles of MSM and its nontoxic nature. The U.S. Food and Drug Administration refers to MSM as a kind of natural source of sulfur in the skin, hair, nails, and egg whites; it can be used as a joint health supplement (FDA, 2004) .
In recent years, MSM has been extensively used as a dietary supplement for its potential to improve human health, and to reduce arthritic, rheumatic pain, C 2017 Poultry Science Association Inc. Received May 21, 2016. Accepted December 9, 2016. 1 Corresponding author: inhokim@dankook.ac.kr seasonal allergic rhinitis, and osteoarthritis Brien et al., 2008) . According to these studies, MSM and its analogues can improve water and vivid content of the feed intake, improve the ability of body's resistance to oxygen and prevent fat deposition. MSM can enhance the body's ability to produce insulin, and promote the role of glucose metabolism; it can also promote wound healing, vitamin B and vitamin C biotin synthesis and activation, and collagen synthesis (Herschler, 1985) . Studies confirm that the above effect is observed because sulfur methyl donor is more effective than N methyl (Nakajima et al., 1991) .
Apart from the many benefits of MSM on the human body, its effects on animal feeding are increasingly investigated in recent years. There are some researches that have shown that MSM has positive impacts on the physiological indexes of animals. Almost 35 years ago, Metcalf (1983) found some positive effects of MSM on animals. Cho et al. (2005) later stated that MSM had positive effects on feed efficiency and nutrient digestibility in pigs. Jang et al. (2006) showed that a diet supplemented with 0.06% MSM can increase the average daily feed intake (ADFI). Hui-fang and Zhou (2008) found that MSM could increase average daily gain (ADG) and feed efficiency during wk 2 and 3 in meat duck. Lee et al. (2009) found that the Fe, Cu, and Zn contents of the dietary MSM were significantly higher (P < 0.05) than those of non-supplemented pigs. However, there is scarce data about the MSM effects on broilers. This study was therefore aimed to evaluate the effectiveness of MSM on growth performance, meat quality, nutrient digestibility, excreta microbiota, excreta gas emission and blood profiles in broilers.
MATERIALS AND METHODS
The experiment received prior approval from the Animal Protocol Review Committee of Dankook University. In a 29-d trial, a total of 816 1-day-old male Ross 308 broiler chicks with an average initial body weight of 44 ± 0.44 g were randomly distributed into 4 experimental diets. Dietary treatments were: 1) CON, basal diet; 2) S1, CON + 0.05% MSM; 3) S2, CON + 0.10% MSM; and 4) S3, CON + 0.20% MSM. Cages were assigned in a randomized complete block design to compensate for known position effects in the experimental facility. There were 12 replicates per treatment, each with 17 birds. All birds were housed in stainless steel cages (1.75 m × 1.55 m) with 3 floors, and light was provided for 24 h during the whole experiment. The temperature of the room was maintained from 32
• C to 24
• C (5 d, with daily reduction of 2 • C and keeping the temperature in 24
• C until the end of the experiment). Two diets were used: a starter diet offered from d 1 to 14 and a finisher diet provided from d 15 to 29. The chicks were given free access to water and mash feed during the entire experiment. All diets were formulated according to requirements recommended by the NRC (1994) and provided in mash form (Table 1) . MSM was included in the diet by replacing the same amount of corn.
Growth Performance and Nutrient Digestibility
The broilers were weighed by cage and feed intake was recorded on d 1, 14, and 29 to calculate body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR). From d 15 to 29, broilers were fed diets mixed with chromic oxide (0.2%) as an indigestible marker to determine apparent total tract digestibility (ATTD) for CP (Fenton and Fenton, 1979) and dry matter (DM; method 934.01, AOAC, 2000).
On d 29, excreta samples from 12 cages per treatment were collected by putting the collection plates under the cage. Feed and excreta samples were stored at −20
• C until analysis. Before chemical analysis, the excreta samples were thawed and dried at 70.1
• C for 72 h, then they were be ground fine by 1 mm screen, later stored in the −20
• C refrigerator until analysis (Mountzouris et al., 2010) . Chromium levels were determined via UV absorption spectrophotometry (Shimadzu, UV-1201, Japan) according to Williams et al. (1962) . The digestibility was then calculated using the following formula: digestibility (%) = {1 − [(Nf × Cd)/(Nd × Cf)]} × 100, where Nf: nutrient concentration in excreta (%DM), Cd: chromium concentration in diet (%DM), Nd: nutrient concentration in diet (%DM), and Cf: chromium concentration in excreta (%DM).
Meat Quality
At the end of the experiment, 12 broilers were randomly selected from each treatment (1 bird per cage), weighed individually, and killed by cervical dislocation. The gizzard, breast meat, bursa of Fabricius, liver, spleen, and abdominal fat were then removed by trained personnel. All organ weights were weighed and expressed as a percentage of body weight. The breast muscle were stored at −20
• C for the subsequent analysis. The meat quality was evaluated by measuring the breast muscle color parameters of lightness (L * ), redness (a * ), and yellowness (b * ) using a Minolta CR410 (Minolta Co, Japan) chromameter. At the same time, duplicate pH values for each sample were measured using a pH meter (Testo 205, Testo, Germany). Drip loss was measured using approximately 2 g of breast muscle sample according to the plastic bag method described by Honikel (1998) . The water-holding capacity (WHC) was determined by the method of Jin et al. (2011) .
Excreta Microbiota
At the end of experiment, excreta samples were collected from each cage and pooled. Pooled excreta samples were placed on ice for transportation to the laboratory, where analysis was immediately carried out. The composite excreta sample (1 g) from each cage was diluted with 9 ml of 1% peptone broth (Becton, Dickinson and Co.) and then homogenized. Viable counts of bacteria in the excreta samples were then conducted by plating serial 10-fold dilutions (in 1% peptone solution) onto MacConkey agar plates (Difco Laboratories, Detroit, MI), and Lactobacillus medium III agar plates (Medium 638, DSMZ, Braunschweig, Germany) to isolate the Escherichia coli and Lactobacillus, respectively. Dilutions from 10 −3 to 10 −5 for E. coli and 10
to 10 −6 for Lactobacillus were performed. The Lactobacillus medium III agar plates were then incubated for 48 h at 39
• C under anaerobic concentrations. The MacConkey agar plates were incubated for 24 h at 37
• C. The microflora colonies were counted immediately after removal from the incubator. The resultant count was multiplied by the appropriate dilution factor to obtain the bacterial concentration in excreta.
Excreta Gas Emission
For analysis of NH 3 and H 2 S contents in excreta, 300 g of fresh excreta samples from each cage were collected in plastic boxes (polyvinyl, 25 × 35 cm) in triplicates at the end of the experiment and fermented in an incubator (28
• C) according to the method described by Cho et al. (2008) . Concentrations of NH 3 and H 2 S were measured within the range of 5.0 to 100.0 ppm (No. 3La, detector tube; Gastec Corp., Kanagawa, Japan) and 2.0 to 20.0 ppm (4LK, detector tube; Gastec Corp.) on d 1, 3, and 5 after fermentation.
Blood Characteristics
At the end of the experiment, 10 broilers were randomly selected from 12 replications per treatment were bled via the wing vein and blood samples were collected into K3 EDTA vacuum tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ) to obtain whole blood. The white blood cells (WBC), and lymphocyte counts were determined using an automatic blood analyzer (ADVIA 120; Bayer, Tarrytown, NY). Samples for serum analysis were then centrifuged at 3,000 × g for 15 min after which the serum was removed and stored at -20
• C until analysis. Serum ALT and AST (aspartate aminotramferase) content was measured using nephelometer (Behring, Germany).
Statistical Analysis
All data were statistically analyzed using the GLM procedure of the SAS program (SAS Inst. Inc., Cary, NC). Orthogonal comparisons were conducted using polynomial regression to determine linear and quadratic effects of increasing MSM levels on all measurements, with the cage serving as the experimental unit. The initial BW was used as a covariate for the BWG and ADG. Before conducting statistical analysis of the microbial counts, the value was transformed logarithmically, and the initial values were used as a covariate for the blood profiles. Variability in the data was expressed as standard error. Results were considered significant at P < 0.05 and effect trend at P > 0.05 to P < 0.10.
RESULTS

Growth Performance and Nutrient Digestibility
The supplementation of MSM diets led to a significant linear effect in BW on d 14 and 29 (P < 0.01). A linear effect was also detected for BWG (P < 0.01) and FCR (P = 0.03) between d 1 and 14, and only for BWG between d 15 and 29 (P = 0.02). Overall (d 1 to 29), a linear effect was observed in BWG (P < 0.01) and FCR (P = 0.01) ( Table 2 ). There was no significant impact of MSM dietary supplementation on FI (P > 0.05). During the entire experiment, no differences (P > 0.05) were also observed on CP and DM digestibility (Table 3) .
Meat Quality
Redness (a * ) was increased linearly (P < 0.05) in broilers as dietary levels of MSM increased, while drip loss was decreased linearly (P < 0.05) on d 3, 5, and 7. No effects (P > 0.05) were detected on pH value, WHC, 
Excreta Microbiota
A linear effect was detected for E. coli (P = 0.03) and Lactobacillus (P = 0.02) levels after increasing MSM supplementation level. Lactobacillus was increased, while E. coli was decreased. (Table 5 ).
Excreta Gas Emission
As it is shown in Table 6 , there were no significant among treatments in any items of the gas emission indicators measured.
Blood Profiles
Birds fed with supplemented diets at different levels of MSM showed significantly increased in ALT (P = 0.01), WBC (P < 0.01), and lymphocyte (P < 0.01). However, AST levels remained unaffected by MSM supplementation (Table 7) .
DISCUSSION
Growth Performance and Nutrient Digestibility
In this study, BW was higher in the S3 compared to the other groups throughout experiment. In line with our study, Hui-fang and Zhou (2008) reported that, during wk 2 and 3, diets containing MSM could significantly increase the ADG in meat ducks, a result that is similar with that of the present study. They also showed that MSM could increase the feed efficiency, a finding that is related with the decreased FCR of the MSM groups in the present study. Cho et al. (2005) also showed that the dietary MSM treatments were higher than those of the CON diet in ADG and ADFI during the overall period in pigs. And no differences were observed in nutrient digestibility of CP and DM in the present experiment. Also, with the increase of MSM content, CP and DM values had slight increase. The similar result from Cho et al. (2005) , suggested that the MSM supplementation in pigs did not influence CP and DM digestibility, although DM and nitrogen levels were numerically higher in MSM supplemented compared to control groups. Therefore, as it is concluded from the current study, MSM possibly has a more direct effect on growth performance than on nutrient digestibility in poultry and pigs. Follow-up research could expand in this direction for further exploration. 
Meat Quality
In this study, we can see that breast muscle color (redness) and drip loss were affected by the supplementation of MSM. There are very few studies conducted on the effect of MSM on meat quality and relative organ weight about broilers. As we know, relationship between meat color and pH has been well established (Fletcher, 1999) . Lee et al. (2009) reported an increased absorption of FE in the meat of sulfur fed pigs while lightness displayed a negative correlation with iron content. Mortimer et al. (2014) suggested that the redness of meat also had a relationship with iron content. Therefore, providing dietary sulfur (MSM) to broilers may influence the heme-Fe binding in myoglobin and resulted in greater values of redness (a * ) in S3 compared to the CON group. Allen et al. (1997) reported that darker broiler breast meat fillets have a shorter shelflife than lighter breast fillets. The dark fillets had significantly (P < 0.05) lower lightness values (L * ), higher redness values (a * ), lower yellowness values (b * ), and higher pH values. Thus, in this study, we possibly consider that the increase in redness after the MSM dietary supplementation is associated with negative effects on meat quality of broilers. The effect observed in meat color may be due to the characteristics of MSM and the animal species.
In the current study, a linear effect (P < 0.05) of dietary treatment on drip loss was observed on d 3, 5, and 7. Especially on d 7, drip loss was significantly lower than that of CON group (P < 0.01). Hwang et al. (2016) found that a combination of oriental herbal medicine (0.5%) residue and MSM (0.03%) as well as MSM alone affected meat quality of duck by improving crude sulfur content and water-holding capacity (WHC). From this point of view, we consider that MSM has a positive effect on meat quality in ducks.
Excreta Microbiota
In this study, there were significant effects observed in excreta microflora both of the Lactobacillus and E. coli (P < 0.05). Up to now, there is little research on the effect of MSM dietary supplementation on the excreta microflora counts of broiler. Benjamin et al. (2010) pointed that the use of MSM to modulate microbial activity, such as to enhance or inhibit the activity of microorganisms. Benjamin et al. (2014) also pointed that in some cases, MSM has a positive impact on the growth of gram-positive bacteria; and in other cases, MSM has a greater positive impact on gram-positive bacteria than gram-negative bacteria. This is the same as the results of the current study: excreta E. coli (gram-positive bacterium) concentrations in the MSM treatments were decreased compared with the CON diet, whereas Lactobacillus (gram-negative bacterium) concentrations in the MSM treatments were increased compared with the CON diet (Table 5) . A linear effect was detected for these parameters (P < 0.05). As we know, the increase of Lactobacillus count in broilers could have a positive effect on digestion and maintenance of intestinal health (Jin et al., 1998 (Jin et al., , 2000 ; E. coli is common in human and animal intestinal tract and can cause intestinal infection above critical limits. Thus, we consider that the decrease in E. coli and increase in Lactobacillus content after the MSM dietary supplementation is associated with positive effects on excreta microflora of broilers.
Excreta Gas Emission
As it is shown in Table 6 , there were no significant differences among treatments in any of the gas emission indicators measured. However, there was a linear trend for H 2 S (P = 0.09), with the increase of MSM content. Unexpectedly, there was no effect on total mercaptan emission from excreta in the current experiment despite MSM being organic sulfur compounds; it is involved in the sulfur cycle. The possible reason for no effect on total mercaptan emission with MSM supplementation is perhaps related to the amount of MSM and feeding environment. Herschler (1981) reported MSM could prevent the decomposition of urea into ammonia. Amirshahrokhi et al. (2011) showed that MSM decreased macroscopic and microscopic colonic damage scores caused by administration of acetic acid. The present experiment shown that NH 3 and acetic acid also decreased slightly with the increase of MSM content. Therefore, a diet supplemented with MSM in broilers had a positive effect on reducing the harmful gas in the feces. But the specific amount of MSM and the mechanism of action have not been completely understood. There is little research on the effect of MSM on decreasing the concentration of excreta gas emission in broiler chicken. Thus, further studies are in need to be conducted to evaluate the effect of MSM on excreta noxious gas emissions in broilers. Morton and Siegel (1986) demonstrated that high doses (3%) of both DMSO (a kind of sulfur containing organic compound, which is (CH3) 2 SO) and its major in vivo metabolite, DMSO 2 , provide significant protection against the development of murine autoimmune lymphoproliferative disease. Our results agree in that with the increase of the amount of MSM, lymphocyte increased (P < 0.05). (Table 7) .
Blood Profiles
As we know, the ratio of the serum aspartate to alanine aminotransferase levels (AST/ALT) is often used as an index of identifying liver disease. Kim et al. (2014) found that liver injury was also significantly attenuated in the mice treated with MSM. Taken together, all the results suggest that MSM has anti-cancer effects through inducing apoptosis in liver cancer. Sheth et al. (1998) also pointed that an aspartate aminotransferase (AST) to alanine aminotransferase (ALT) ratio > 1 suggested cirrhosis. Also in the study of Nyblom et al. (2004) , a high AST/ALT ratio was found, which was related with advanced alcoholic liver disease. Nyblom et al. (2007) demonstrated a high AST/ALT ratio, which was significantly associated with esophageal varices and ascites. Al-Kubaisy and Habib (2000) found that a value of ≥ 1 for the ratio of aspartate aminotransferase to alanine aminotransferase (the AST/ALT ratio or AAR) has been shown to have a positive predictive value of 100% for the diagnosis of cirrhosis in patients with chronic hepatitis C. In our study there was a significant increase of ALT, even though the level of AST had no change, but the ratio of AST/ALT had a clearly decline. So we considered that a positive effect could serve in protecting the liver of the diet supplementation of MSM in broilers.
In our study, a linear effect (P < 0.05) was detected for WBC, it was increased significantly. And in the research of Vidyasagar et al. (2004) , the total WBC counts had increased considerably when comparing week 12 with week 0, this is similar to our research. But Kim et al. (2006) found when examining the efficacy of MSM in osteoarthritis pain of the knee that there were no major changes in the complete blood counts, differential white blood cell counts, and other items of the target knee joints. Pagonis et al. (2014) found similar results about the effect of MSM on osteoarthritic large joints and mobility. This is contrary to the results of this experiment. Taking into account the difference between the human body structure and the broiler's as well as the amount of MSM, these factors are likely to affect the experimental results. More studies are needed, concentrating on the effects of MSM concentration on blood characteristics in broilers.
CONCLUSIONS
The supplementation of MSM to broiler diets improved BWG and reduced FCR during a 29-d experiment. The dietary supplementation resulted in an increase in breast muscle redness (a * ), but drip loss was decreased on d 3, 5 and 7. Meanwhile, a positive effect was detected for E. coli and Lactobacillus levels after increasing MSM supplementation level. In addition, the ALT, WBC and Lymphocyte were increased with the addition of MSM. Therefore, this product might offer a good alternative to improve poultry production.
